The K99 pilus adhesin of enterotoxigenic Escherichia coli (ETEC) is an important virulence factor produced by many ETEC strains that cause neonatal diarrhea in pigs, lambs, and calves (10) . K99 facilitates the colonization of small intestines by ETEC by attaching to unique receptors on the epithelial cell surface (8, 20, 22) . K99 is transmissible, being genetically encoded on an 87.8-kb plasmid (9) . A 7.15-kb BamHI DNA fragment specifying production of K99 has been cloned and shown to contain eight genes that must be expressed for the biogenesis of K99 ( Fig. 1) (1, 21) . The eight required genes have been designated fanA to fanH. FanA and FanB probably function as positive regulators (1, 15) , FanC is the major pilin subunit (17) , and FanD is presumed to be an usher (11, 16) . On the basis of DNA sequence homology, FanE is presumed to be a chaperone (2) and FanF to FanH are believed to be involved in pilus assembly and elongation (18, 19) . Expression of K99 has been shown to be dependent upon cyclic AMP (cAMP) (6) , cAMP receptor protein (CRP) (5, 7) , and leucine-responsive protein (LRP) (3) . While all eight genes are clustered contiguously, analysis of Northern (RNA) blots using the native K99 DNA sequence and several deletion mutants demonstrated that the K99 genes were divided into three independently regulated regions ( Fig. 1) (5) . Region 1 encodes fanA to fanD and is dependent on cAMP, CRP, and LRP; region 2 encodes fanE to fanF and is dependent on cAMP and CRP but is independent of LRP; and region 3 encodesfanG to fanH and is independent of cAMP, CRP, and LRP (5) (unpublished data).
A series of field isolates of ETEC from pigs that do not produce any of the expected pilus adhesins associated with pig pathogens (K88, K99, or 987P) have been identified. These strains, which have been designated 3P-, produce the pilus adhesin F41 and the 0 antigen 0101 (13) . Results obtained from Southern hybridization demonstrated that three of three 3P-strains analyzed contained K99 plasmids (9, 14) . Furthermore, restriction endonuclease digestion of these plasmids showed that the 3P-strains retained a 7.15-kb BamHI fragment that hybridized with the cloned K99 genes. These results suggested that large deletions or insertions within the K99 coding region were not responsible for the loss of K99 production. All attempts to express or detect K99 with the 3P-strains including successive passaging and detection of intracellular subunits by electrophoresis or enzyme-linked immunosorbent assay have failed (13) (unpublished data). Therefore, it was concluded that the 3P-strains, while being genotypically K99+, were, indeed, phenotypically K99-.
The objective of the experiments described in this article was to determine the genetic basis for why one of the 3P-strains, VAC-1676, failed to produce K99. It was hypothesized that K99 production might be suppressed because of a specific defect in one (or more) of the K99-specific genes encoded on the K99 plasmid or that there was an alteration in a required host chromosomal gene(s) (e.g., crp or lrp).
E. coli VAC-1676, a 3P-strain, was obtained from Harley Moon, National Animal Disease Center (13) . This strain is serotype O101:K?,F41, and produces heat-stable enterotoxin. To determine whether the defect causing the suppression of K99 production by E. coli VAC-1676 was due to the host or the K99 plasmid, the 7.15-kb BamHI fragment that encodes K99 in VAC-1676 was cloned into the vector pBR322. The new recombinant plasmid, pIX34, was introduced into E. coli K-12 strain RH202 (thi lacY tonA21 supE44 hssl; obtained from Robert Helling, University of Michigan) by electroporation (Electroporator; Invitrogen, San Diego, Calif.), and recipients were tested for K99 production by a serum agglutination assay that employs rabbit antibodies prepared against purified K99. Recipients did not produce K99, suggesting that one (or more) of the K99 genes on the 7.15-kb BamHI fragment from VAC-1676 was defective. Although expression of K99 by recombinant plasmids is not dependent upon its orientation in the vector (20) , to ensure that orientation effects were not affecting these results pIX34 was digested with BamHI, T4 DNA ligase was added, and the ligated DNA was used to transform E. coli RH202. Recombinant plasmids were assessed for the orientation of the 7.15-kb BamHI fragment in the vector by digestion with EcoRI and BglII. Strains containing inserts in each direction were selected, and K99 production was measured by the serum agglutination assay. K99 was not produced, regardless of the orientation of the fragment. To confirm that the host strain VAC-1676 was inherently capable of producing K99, the recombinant plasmid pIX12, which contains the native K99 sequence, was introduced into VAC-1676 by electroporation. Recipient cells containing pIX12 did produce K99. Therefore, it was concluded that the reason that VAC-1676 did not produce K99 was that it contained a defective K99 plasmid and was not due to the host strain. Fig. 1]) . Using Northern blot hybridization analysis, we have previously shown that transcription of the genes encoded by these deletion mutants remains unaltered even though assembled K99 is not produced (5) . To locate the general site of the defect, complementation of the defect in trans was attempted by using plasmids containing the left-and right-hand fragments. To accomplish this goal, the 7.15-kb BamHI fragment from VAC-1676 was excised from pIX34 and inserted in the vector pACYC184, which is compatible with the vector pBR322 (yielding pIX31). This new plasmid was introduced into E. coli RH202. Separately, pIX17 (left-hand side) or pIX16 (righthand side) was introduced into cells containing pIX31. Clones containing pIX31 and pIX16 or pIX17 failed to produce assembled K99. Therefore, it was concluded that the defect could not be complemented in trans with the left-or the right-hand region of K99. This might indicate that there was a defect in a transcriptional regulatory element that was cis active. There is a small deletion of the C terminus offanD in the left-hand plasmid pIX17. While this deletion does not affect transcription, it may affect K99 biogenesis in complementation experiments. Thus, an alternative hypothesis is that the defect resided in the C terminus offanD, which was deleted in pIX17 and, therefore, was not available to complement pIX31.
To (Fig. 2) . The change resulted from the deletion of a single T at nucleotide 345, which is within a stretch of 10 Ts in the wild-type sequence. 
Downloaded from
Because the identified mutation in pIX34 is proximal to fanA, it was assumed that it affected the expression of region 1 genes. To determine whether the region 1 genes (fanA to fanD) of pIX34 were transcribed, RNA was extracted from E. coli RH202 containing pIX12 or pIX34. Northern blots were subsequently prepared and probed with a radiolabeled, PCRderived fanA probe (5) . While the probe hybridized to RNA extracted from the strain containing pIX12 (wild-type K99 genes), the probe failed to hybridize with RNA extracted from the strain containing pIX34 (data not shown). Therefore, it was concluded that the lack of K99 expression in the 3P-strain was a result of inhibiting transcription of region 1 genes.
Previously, a group of field isolates of ETEC were recovered from swine that failed to produce one of the three known (at the time) pilus adhesins: K88, K99, or 987P (13) . Some of these strains, which were shown to be virulent, were subsequently shown to produce a new pilus adhesin, F41. However, when analyzed by Southern hybridization, some of the 3P-strains were shown to contain K99 plasmids (9, 14) . The experiments described in this article were performed to determine the genetic basis of why one 3P-strain (E. coli VAC-1676) did not produce K99. The deletion of a single thymidine in a stretch of 10 thymidines was the only alteration detected in the 3P-strain compared with the wild-type K99 sequence. This mutation exerts a cis-active effect. The reason that this mutation leads to the loss of K99 production is not known. The fact that this mutation is cis active and that transcription of K99 region 1 genes is inhibited suggests that it is important in transcriptional regulation, perhaps by altering a protein-binding site. Two global regulators, LRP and the cAMP-CRP complex are known to regulate the fanA-to-fanD region of K99 (5). These regulators are believed to function by binding to DNA in regions adjacent to the promoter regulating fanA. This site corresponds to the region where the mutation in VAC-1676 has been mapped. While the mutation in VAC-1676 may affect the binding of LRP or cAMP-CRP to K99-specific DNA, the mutation may affect a new regulatory element. FanA and FanB, for example, are presumed to be positive regulators (1, 15) . One or both of these gene products may be involved in self-regulation of the region 1 genes, and the mutated site may be important in the binding of these proteins.
The significance of this mutation in disease and disease prevention could be very important. The fact that the loss of K99 production by VAC-1676 did not render it avirulent because a secondary adhesin, F41, was capable of replacing K99 suggests that this may be an important mechanism to evade the host's immune response. Many K99+ ETEC strains also produce F41, and the emergence of F41 and the concurrent suppression of K99 may become common, particularly because vaccination with K99 is a widely employed practice in pig production. In protection studies, K99 has been shown to be dominant over F41. Therefore, protection from infection by a K99+ F41+ ETEC is mediated by antibodies against K99 and not by antibodies against F41. Protection against infection with a K99-F41+ ETEC, however, is not mediated by anti-K99 but is mediated by anti-F41 antibodies. This leads to concerns of whether extensive vaccination with K99 (or other pili) will lead to the emergence of new pilus adhesins. The emergence of 3P-strains in the field fuels this concern by demonstrating that shifts in pilus adhesins can occur through specific mutations. In addressing the question of the emergence of new pilus adhesins, it should be pointed out that such shifts are not unique to E. coli. For example, Neisseria gonorrhoeae is known to produce a vast array of different pilus adhesins that shift in response to environmental pressures such as immunity (4, 12) . Whether the loss of K99 production by 3P-strains results from ecological pressures and is mediated in all cases by the same mutational event described in this article is unknown. However, experiments similar to the ones described in this article have now been completed with a second 3P-strain (strain 1751), and the same mutation was identified, suggesting that this could be a commonly occurring defect in K99 genes.
The region where the mutation in VAC-1676 occurred is within what we believe to be an important regulatory region. This region also is a very AT-rich region (75%). Because there are several stretches of thymidines in this region, a general mechanism of DNA strand slippage during DNA replication that would result in the addition or deletion of a single base pair may be responsible for the loss of K99 expression. Assuming that our hypothesis that this region contains sites that regulate transcription of fanA to fanD is correct, mutations that affect these elements should affect K99 production. Therefore, a variety of different mutations in the AT-rich region could affect the expression of K99.
